Introduction lack of knowledge on the possible dose-response relationship. In a previous study, we reported an increased incidence of mesothelioma after EBRT for prostate cancer [6] . Remarkably, we found suggestive evidence that the magnitude of the risk could depend on the distance of the mesothelium from the irradiated field. Indeed, we observed the higher relative risk for peritoneal mesothelioma, which occurs within the irradiated field [6] .
To provide further evidence of the association between EBRT and mesothelioma and to fill the knowledge gap on the dose-response, we conducted an analysis of mesothelioma incidence after EBRT for primary solid cancer using data from the from the US National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) Program. We also aimed at evaluating the clinical impact of radiation-induced mesotheliomas among EBRT patients.
Materialsandmethods Studypopulationandfollow-up
We defined the cohort as adult (age>20 years) patients with a first primary solid cancer reported to one of the SEER registries. The SEER 9 Registries database was consulted for the period between Jan 1, 1973 and Dec 31, 1991, while the SEER 13 Registries database was used for the period between Jan 1, 1992 and Dec 31, 2012. We studied only cancer sites that were frequently (>10%) treated with EBRT. Because of the minimum latency period for radiation-induced solid neoplasms, we excluded subjects who survived <5 years after the primary diagnosis and we started the follow-up window after the fifth year of survival [7] . We removed from the cohort patients with a diagnosis of bone, soft tissue, nerve or "other endocrine" cancers because of uncertainty on the irradiated areas. Moreover, we excluded subjects with primary cancers of pleura, peritoneum, retroperitoneum, omentum, or other mesentery due to the possibility that these neoplasms were misdiagnosed mesotheliomas. We applied listwise deletion and we analyzed only subjects with complete information on radiotherapy, surgery, and county of residence. In this study, we did not consider subjects who had received radiotherapy treatments other than EBRT. On the one hand, this group could not be merged to the reference category (nonirradiated subjects) because there is not definitive evidence that these treatments are not associated with an increased risk of second cancer, for example, [8] .
On the other hand, the number of cases (n = 20) observed was too limited to conduct separate analyses. Finally, we excluded those cancer sites with less than one expected case of mesothelioma (estimated based on the calendar year-, age-, sex-and race-specific mesothelioma rates observed in the SEER Registries database; see Table S1 ). A list of the studied primary cancer sites is presented in Table 1 alongside with the number of observed mesothelioma cases.
The follow-up time for each individual started 5 years after the first primary diagnosis and ended at the diagnosis of mesothelioma, incidence of a second malignancy other than mesothelioma, death, or at the end of the study (12/31/2012). Death or incidence of a second malignancy other than mesothelioma were treated as competing events and subjects lost to follow-up were right-censored. Also, we censored the follow-up at the age of 85 years due to the known under-ascertainment of second primary cancers after that age in the SEER registries [9] .
This study was conducted in compliance with the 1964 Helsinki declaration and its later amendments. Given the retrospective nature of this study conducted using register data, formal consent was not required.
Outcomemeasuresandcasedefinitions
We investigated the risk of mesothelioma occurring in any site, of pleural and peritoneal mesothelioma. As many patients of our cohort died during the study period or developed a second malignancy other than mesothelioma, we accounted for competing risks in our analysis [10] . To answer our main etiological research question on the causal association between EBRT and mesothelioma, we estimated the cause-specific hazard ratio (HR) of mesothelioma [10] [11] [12] . Then, to evaluate the clinical impact of the observed associations, we modeled the subhazard ratio [SHR] and the cumulative incidence function (CIF) of mesothelioma [10] [11] [12] .
Exposureandcovariates
Patients were classified according to whether or not they had received radiotherapy as a part of their initial treatment for primary cancer. We compared patients who received EBRT (alone or in combination with other forms of radiotherapy) with those who were not treated with any form of radiotherapy. When studying specific mesothelioma sites, we further classified the exposure based on the presumed dose received by the mesothelium (see Table 1 ) [13, 14] . We created the following three categories of exposure to radiation:
1. unexposed, did not receive any radiotherapy; 2. scattered exposure, primary cancer located far (≥3 cm) from the pleura and thoracic/cervical lymph nodes unlikely to be irradiated during the initial treatment (study of pleural mesothelioma), or primary cancer located far from the peritoneum (study of peritoneal mesothelioma); 3. direct, primary cancer located next (<3 cm) or within the pleura and/or thoracic/cervical lymph nodes likely to be irradiated (study of pleural mesothelioma), or primary cancer located next or within the peritoneum (study of peritoneal mesothelioma).
Covariates to be included in the multivariable models were selected a priori and included: age, sex, calendar year, race (white, black, other), and surgery of primary cancer.
No individual information is available in the SEER database on the exposure to asbestos, the main determinant of mesothelioma [1] . As the uses of asbestos tended to be clustered and pleural mesothelioma mortality at the population level has been proposed as a suitable indicator of asbestos exposure [15, 16] we conducted a spatial analysis to derive a proxy exposure variable. At first, we estimated the relative risk (RR) of primary mesothelioma among males -the fraction of cases attributable to asbestos among females is lower [1, 17] ) -by county using the SEER 13 Registries data (1992-2012). Then, we classified each subject according to the county's RR of mesothelioma, based on the county of residence at the time of the primary diagnosis.
Latency (time since first exposure) was considered as a possible effect modifier of the relationship between EBRT and mesothelioma because the risk of cancer increases for decades after radiation exposure [7, 13] . Latency was calculated with reference to the date of the primary diagnosis and grouped into two categories: 5-10 years; more than 10 years.
Statisticalanalysis
In the descriptive tables, continuous variables were expressed as mean and standard deviation (SD), whereas categorical variables were summarized as number and percentages.
Using survival time as the main temporal axis, we fitted Cox proportional hazards regression models to estimate cause-specific HR and Fine and Gray competing risks regression models to estimate SHR [18] . We additionally adapted regression models including product terms between the exposure of interest and the latency period, but due to the limited number of peritoneal mesothelioma cases among subjects who received scattered radiation (n = 3), this category was not retained in this analysis. We estimated the CIF of mesothelioma in any site through flexible parametric survival models for competing risk [19] . In these models, three separate baseline hazards (three degrees of freedom each) were allowed to model mesothelioma, other malignancies, and death incidence. The exposure variables of interest were included in the models as time varying covariates (three degree of freedom) and we allowed for a different effect of the covariates across the competing events. All the analyses were adjusted by sex and age (parameterized as age and squared age). When investigating the risk of any mesothelioma and pleural mesothelioma, we further conducted multivariable regression models additionally adjusted by race (white, black, or other), year of primary cancer diagnosis, primary cancer surgery, and county's mesothelioma RR. Fully adjusted HR were not estimated for peritoneal mesothelioma due to the limited number of analyzed cases. As a sensitivity analysis, we fitted a series of bivariate regression models including the variable for the peritoneal dose and the potential confounders one at time.
We fitted an additional set of Cox regression models assuming shared-frailty (gamma-distributed latent random effects) by primary cancer site to model within-group Mesothelioma Among Cancer Survivors A. Farioli et al. correlation. However, the theta parameter for random effects never approached the statistical significance (P < 0.05) and the estimates for the fixed part of the models (i.e., the HR) were not materially changed by the inclusion of the random parameters. Hence, our final models did not assume shared-frailty by primary cancer.
The RR of mesothelioma by county were estimated using the Besag-York-Mollie (BYM) model, which allows for both heterogeneous and spatially structured random effects [20] . Additional details on the BYM model are presented in Supplementary Resource 1 alongside with maps showing the distribution of standardized incidence ratios and RR ( Fig. S1 and 2 
Results
As shown in Figure 1 , the SEER registries included 3,416,054 cases of primary cancer among subjects aged between 20 and 84 years. In the present analysis, we considered only frequently irradiated sites with at least one expected mesothelioma case during the study period, including: eye or orbit; oral cavity and pharynx; larynx; lung and bronchus; breast; stomach; rectum and rectosigmoid junction; cervix uteri; corpus uteri and uterus not otherwise specified; prostate; testis; penis and other male genital organs. After exclusion of subjects with missing information on radiotherapy, surgery or county, or who had received radiotherapy other than EBRT, we identified a cohort of 935,637 patients that entered the main analysis. We observed 301 incident mesothelioma cases in the study population: 265 pleural, 32 peritoneal, and 4 cases in other or unknown sites.
Diagnostic techniques used to confirm the diagnosis of mesothelioma were: histology (n = 263, 87.4%); exfoliative cytology (n = 28, 9.3%); direct visualization (n = 1, 0.3%); radiography (n = 6, 2.0%); and clinical diagnosis (n = 2, 0.7%). Quality of diagnosis was unknown for one case (0.3%).
A summary of the cohort (Table 2) reveals differences in use of EBRT by genders, calendar periods, and cancerdirect surgery. The use of EBRT was more frequent among females and increased over time. Also, irradiation was more common among nonoperated patients. Table S2 presents the characteristics of the study population by primary cancer site. In our cohort, the percentage of irradiated patients ranged between 15.1% (stomach) and 73.8% (larynx). Table 3 presents the cause-specific HR of mesothelioma. We observed an increased risk of mesothelioma in any site among EBRT patients compared to nonirradiated subjects (fully adjusted HR = 1.34, 95% CI 1.04-1.74) and the estimate was higher after a minimum latency period of 10 years (fully adjusted HR = 1.58, 95% CI 1.10-2.26). The risk of pleural mesothelioma was higher among irradiated subjects (fully adjusted HR for EBRT = 1.34, 95% CI 1.01-1.77), but there were no important differences between radiation doses (fully adjusted HR: scattered irradiation = 1.38, 95% CI 1.01-1.89; direct irradiation = 1.23, 95% CI 0.77-1.96). Again, the associations were stronger after 10 years from the irradiation (fully adjusted HR for EBRT = 1.49, 95% CI 1.00-2.21). When investigating peritoneal mesothelioma, we found clear signs of an association with EBRT only for direct irradiation (age-and sex-adjusted HR = 2.20, 95% CI 0.99-4.88; HR for latency periods of more than 10 years = 3.28, 95% CI 1.14-9.43). As shown in Table  S3 , bivariate regression models revealed that age and sex were the most relevant confounders in the association between EBRT and peritoneal mesothelioma; furthermore, the other potential confounders selected a priori did not materially change the estimates for EBRT (Table S3 ).
As shown in Table 4 , the SHR estimated through competing risks models were lower than the cause-specific HR, suggesting that the clinical impact of the association between EBRT and mesothelioma was limited due to the high risk of death or incidence of other malignancies. Furthermore, the CIF of mesothelioma after 40 years from the primary diagnosis was very low both among irradiated and nonirradiated subjects (Fig. 2) . Table S4 presents the estimates for the association between the proxy exposure variable for asbestos and the risk of mesothelioma as a second malignancy. Compared to inhabitants of counties were the RR of primary mesothelioma was below 0.67, patients from high-risk counties showed a remarkable increase in the incidence of mesothelioma after a primary solid cancer. Indeed, we observed a well-shaped dose-response, with HR ranging from 2.11 (county's RR of mesothelioma between 0.67 and 0.90) to 5.60 (RR of 1.50 or more).
Discussion
Our analysis demonstrated that EBRT is a risk factor for mesothelioma. The association was stronger for peritoneal mesothelioma and latency periods longer than 10 years were associated with higher relative risks. We failed to demonstrate a dose-response between radiation dose and pleural mesothelioma risk; the association might be nonlinear and very low doses could still convey an increased risk. A competing risks analysis revealed that the impact of radiation-induced mesothelioma in our cohort was limited by the high risk of death or other second malignancies. The CIF of mesothelioma after 40 years of observation was extremely low, suggesting that the clinical relevance of radiation-induced mesothelioma is limited. Our findings are in line with our previous study that showed an increased risk of mesothelioma in any site (93% of cases were pleural) after EBRT for prostate cancer [6] . Although radiation-induced malignancies are usually expected to occur within the irradiated field (e.g., Baxter et al. [21] ), even tissues located outside this area are significantly exposed to scattered radiation, as well as to leakage from the radiation source [22] [23] [24] . A dose of 1-5 Gy has been estimated for tissues distant 3-10 cm from the irradiated field, while those located more than 10 cm outside the irradiated area can receive doses of 0.1-1 Gy. [14] These doses are in line with those studied among atomic bomb survivors, when an excess risk of solid cancers was demonstrated for exposure levels as low as 0.1-0.2 Gy [7] . In the same population, the risk of solid cancers after radiation exposure showed a linear dose-response only in the range 0-2 Gy, while the function flattened for higher doses [7] . Similarly, we did not document a higher risk of pleural mesothelioma for direct exposure compared to scattered irradiation. However, we did observe a considerably increased risk of peritoneal mesothelioma only after direct irradiation, but due to the limited number of cases we cannot rule out the possibility that the large difference in the estimates for scattered and direct radiation was a chance finding. We found that the risk of mesothelioma continues to increase with the latency period, in line with current knowledge on radiationinduced solid cancers [13] .
Studystrengthandlimitations
To our best knowledge, this is the first study of the dose-response between EBRT and mesothelioma risk in a la large population. Furthermore, we conducted separate analysis for pleural and peritoneal mesothelioma and we studied the role of the latency period. Our study does have limitations. The amount of information on potential confounders was limited and we cannot directly control our estimates for exposure to asbestos -which is always a concern when investigating mesothelioma. Hence, we derived a proxy measure of exposure to asbestos by modeling the RR of primary mesothelioma among males in the county of residence. Despite its obvious limitations, this variable was strongly associated with mesothelioma risk in our population (Table S4) . Noteworthy, the estimates of interest (i.e., the HR for EBRT) showed only minor changes after the introduction of the county's RR of mesothelioma in the multivariable models (data not shown). This finding suggests that our estimates were not strongly confounded by asbestos exposure. To further characterize the potential for unmeasured confounding, we conducted a targetadjustment sensitivity analysis to assess the difference in the prevalence of occupational exposure to asbestos by radiotherapy status necessary to explain the associations observed for latency periods of 10 or more years (Data S1). In the case of pleural mesothelioma, the prevalence of occupational exposure to asbestos should be 55% higher among irradiated subjects compared to nonirradiated (Table S5 ). Such a large difference seems implausible and, on the balance, we do not believe that unmeasured confounding asbestos exposure can entirely explain our findings. Another limitation of our study is the potential for detection bias, but we observed the higher HR of mesothelioma among irradiated patients after ten or more years from the primary diagnosis. A substantial difference in health monitoring among the studied groups is unlikely to have occurred so far from the primary diagnosis. Confounding by indication (i.e., primary cancer) might affect our estimates. To reduce the potential for this bias, we restricted the analyses to highly informative cancer sites (i.e., those frequently treated with EBRT and with at least one expected case of mesothelioma). Moreover, we explore the presence of within group correlation by fitting shared-frailty models, but we did not found evidence supporting the assumption of a random intercept. An obvious limitation of our study is the wrong assignment of EBRT exposure in register data; however, this kind of nondifferential misclassification is likely to bias the estimates of interest toward the null hypothesis. Finally, we could not investigate extremely long latency periods due to the limited time period covered by the SEER registries: our cohort included only eleven secondary mesothelioma cases occurred more than 20 years after the primary diagnosis. Hence, our study provides information only for relatively short (<20 years) latency periods. As asbestos-related mesothelioma is usually diagnosed decades after the first exposure, [1] we cannot rule out the hypothesis that the risk of radiation-induced mesothelioma might continue to increase for several years after the exposure to EBRT.
Conclusions
Our study shows that exposure to ionizing radiation -in particular to EBRT -might be a determinant of mesothelioma. Longer latency periods are associated with higher relative risks, whereas the dose-response relationship seems be nonlinear. Despite the etiological association, the clinical impact of secondary mesothelioma after EBRT for a primary solid cancer is limited.
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